• Common marmosets were trained in a delayed matching to position task.
Introduction
Memory is clearly fundamental for everyday life in all animals in various situations such as in learning, nesting, foraging, socially interacting, avoiding predators, and traveling. Memory comprises various functions; as the dysfunction of any of these functions appears in neurological diseases, we clearly deeply depend on memory [1] . Working memory, which refers to a limited-capacity system that allows for the temporary storage and manipulation of information necessary for such complex tasks as comprehension, learning and reasoning, is one of the most commonly examined functions [2] .
Working memory has been examined in common marmosets using numerous procedures such as foraging tasks to simulate wild foraging behavior [3] , a modified two-choice delayed response task [4] , a two-choice delayed matching to position (DMTP) task [5, 6] , a concurrent DMTP task [6, 7] , and a spatial working memory task [8] . In the present study, we used a delayed matching to position task using an automated testing apparatus to establish how the memory of positions in common marmosets is affected by prolonged delay intervals.
How well do common marmosets remember the positions of sample stimuli after delay intervals in a delay task? Miles (1957) directly compared common marmosets and rhesus macaques in a very similar behavioral protocol using the Wisconsin General Test Apparatus (WGTA). The task was a two-choice delayed response task using a baited cup. The author introduced four different delay intervals (1, 2, 4, and 16 s) in each test session and trained each subject using 50 trials daily. In comparing the performance of both species with the same number of training trials, all four macaque subjects reached 90% correct responses within 800 trials with every delay interval. Marmosets, however, showed similar mastery responses within 800 trials with 1-and 2-s delays but required almost 1200 trials for the 16-s delay trials. All of the subjects in the study by Miles (1957) had extensive prior experience with discrimination training; thus, the degree of habituation to experimental situations was not critical in interpreting the performance differences between the two species. Thus, the memory performance differences in the above study were related to (1) a greater memory capacity in macaques than marmosets, (2) lack of an effective retention strategy in marmosets, and (3) some other generic reasons such as poor attention or motivation in marmosets. Possibilities (1) and (2) would be due to fundamental differences in their brains, whereas possibility (3) could be overcome by using or modifying experimental procedures.
Spinelli et al. [6] tested marmosets in the breeding room using a computerized apparatus that ran the Cambridge Neuropsychological Test Automated Battery (CANTAB). The sample stimulus was presented in one of any of the four corners of the monitor, and in the final training stage, two distracter stimuli were presented simultaneously with the sample stimulus in the choice phase. The authors examined the number of delay intervals between one and four and found that the subjects showed above-chance performance with delay intervals of up to 12 s but that their performance monotonically decreased from 1.5 s (approximately 90%) to 12 s (approximately 45%). Additionally, the performance was generally better if four different delay intervals were intermixed in the session rather than if a single delay appeared in a session.
According to studies conducted to date, the working memory capacity in common marmosets, using position as a cue, appears to be maintained after up to 12-16 s delay intervals. However, the foraging strategy of common marmosets in the wild -gouging tree trunks to get gum exudates and repeatedly revisiting the same tree [9] -suggests better performance on tasks involving positional working memory. In the present study, we assessed whether any procedural difference would produce different performance in common marmosets on a DMTP task. Unlike the previous study [5] , we used a touch-sensitive screen to present the sample and comparison stimuli in any of five possible positions, which were changed for every trial in a quasi-randomized manner to prevent the marmosets from using body positions or orientations as choice cues. The subjects were required to respond to the sample stimulus to extinguish it and to then remember its position. Unlike in the previous study [6] , two comparison stimuli were presented after some delay intervals; one of them matched the sample stimulus position, and the response to it resulted in reinforcement. Using this procedure, we expected that the marmosets would be more attentive to the sample position in every trial than they were in trials in which the sample and the comparisons were always presented in the same positions [5] .
Material and methods

Subjects
Six adult common marmosets (1M, 2M, 3M, 1F, 2F, 3F; M is male; F is female) weighing approximately 320-470 g were used in the experiments. The animals were laboratory born and ranged in age from 2 years, 2 months-4 years, 3 months at the beginning of the study. Subjects 1 M and 1F were raised by human caretakers and had an experimental history of simultaneous discrimination using white squares with different sizes prior to the present study [10] . The other subjects were raised by their parents and were experimentally naive. Except for 2M and 3M, who lived together in a cage, the subjects were individually housed in a breeding room on a 12-h light-dark cycle. The temperature and humidity in the breeding room were maintained, on average, at 28 • C and 50%, respectively. The testing sessions were always conducted a few hours before daily feeding. The animals were fed regularly, and water was freely available in their cages and in the testing chamber.
This study complied with the current laws of Japan, including the Act on Welfare and Management of Animals. All experimental procedures and handling methods were performed in accordance with the "Guidelines for Conducting Animal Experiments" of RIKEN, where the experiments were conducted. The experiments were approved by the Animal Experiment Committee at RIKEN.
Apparatus
Details of the operant chamber used for the experiments can be found elsewhere [10] . Briefly, the size of the box was 42 (h) × 34 (w) × 35 (d) cm, and the box was equipped with a touchsensitive monitor (TSD-ST173-C, Mitsubishi) located 15 mm from the front panel of the cage. The reward (liquid sweetened with brown sugar syrup) was delivered through a tube located on the left side of the chamber after the correct responses were provided. The reinforcement was signaled through the presentation of a pure tone (1000 Hz) from a speaker located behind the touch monitor and by lighting the feeder lamp directly above the dispenser for 4 s. A small lamp on the ceiling of the chamber was illuminated during each trial, except for a 4-s period (blackout) immediately after an incorrect response. The experimental program was written in a computer language (Delphi) and run on a PC (Hp).
To facilitate the participation to the experimental procedures by the subjects, we placed another marmoset in a cage (27.5 (h) × 23.0 (w) × 42.0 (d) cm) near the experimental chamber (40 cm apart from the experimental chamber). The companion animal could see the experimental marmoset; however, it could not see the details of the monitor because of the cage position.
Stimuli
The experimental stimuli were white circles (49 pixels in diameter) presented on a green background on the touch-sensitive monitor. The visual angle of these stimuli was 14.81 degrees, and the stimuli were located 50 mm from the surface of the monitor where the animals stood to observe the stimuli.
Procedure
Pretraining
After being habituated to the experimental room and the apparatus, the subjects, except for those with prior experimental history (1M and 1F), were trained to touch the circle stimulus on the touch screen using a response-shaping technique until they could respond more than 60 times without long pauses (approximately 2 min). The position of the stimulus was initially fixed at the center of the monitor and was subsequently randomized among five positions that were arbitrarily defined by the computerized experimental program; thus, the subjects could not predict the positions of the stimuli in each trial. After the subjects completed a single response to the circle stimulus, a reinforcer was delivered from the tube on the liquid feeder together with presentation of the pure tone, and the feeder lamp located just above the tube was illuminated for 4 s. Because some marmosets were fully satiated during the 60-trial session, we reduced the number of actual deliveries of the reinforcer by setting the probability of reinforcement delivery (0.5-1.0) for each trial. If the probability of reinforcement was set at 0.7, then the subjects could receive the reinforcer in 42 of the 60 trials within a session. For the 18 trials without liquid delivery, only the feeder lamp and tone were presented for 4 s as a conditioned reinforcer of the completion of a given trial or of correct responses in the pretraining and training phases (described below), respectively. The reinforcement probability was flexibly adjusted for the individual subjects each day. The background of the experimental stimuli on the monitor was always green, except for during the reinforcement and blackout periods, for which the monitor was black.
DMTP training
After the subjects were able to complete 60 trials within 30 min in the pretraining procedure, they were moved to the training phase, in which they were required to respond once to the sample stimulus and then to select one of two comparison stimuli that were presented after the sample stimulus was extinguished. A response to the comparison stimulus that was presented in the same position as the sample stimulus was defined as a correct response and terminated the presentation of both comparison stimuli; this was followed by the pure tone and feeder lamp illumination for 4 s, with or without the liquid reinforcer (determined by the probability of reinforcement (05-1.0) and adjusted for each subject). Responding to the comparison stimulus that did not match the position of the sample stimulus also terminated the stimuli presentation but was followed by extinguishing of the ceiling light for 4 s. Inter-trial intervals were set at an average of five s (ranging from three to 7 s) and were randomly assigned for each trial. The sample and comparison stimuli positions were randomized among five positions on the monitor so that the subjects were required to search for the sample stimulus in every trial. The daily session was terminated after the completion of 60 trials or the passage of 60 min after the start of the session with no sign of response. For the first training sessions, the delay interval between the extinction of the sample stimulus and the appearance of the comparison stimuli was fixed at 0.5 s (Fixed 1 in Table 1 ). The next training delay interval was fixed at 1 s (Fixed 2 in Table 1 ). After the subjects showed performance above the criterion (described below) in these two fixed-delay-interval sessions, a set of 5 delay intervals per training session was introduced in the next session. Table 1 shows the delay interval sets. Set 1 used 0.5, 1, 2, 4, and 8 s delay intervals, and set 2 used 1, 2, 4, 8, and 12 s delay intervals. From sets 3 to 28, 2, 4, 8, and 16 s delay intervals were used; only the longest delay interval was prolonged by a 4-s step.
For the training sessions using only one delay interval (Fixed 1 and 2 in Table 1 ), the criterion was showing more than 90% correct performance in total for one session. For the training sessions using delay sets 1-28, the criterion was showing more than 75% (i.e., 9 out of 12 trials) correct with the maximum delay interval of a given set, together with more than 90% correct with the other four intervals. In the sessions using 5 different delay intervals, each delay was trained 12 times in a session, appearing quasi-randomly (each of the five delay intervals randomly appeared once within five trials). If the subjects could not achieve the criterion after 60 training sessions with a given delay interval set, then the training was terminated; in such cases, the preceding maximum delay interval was defined as the longest delay interval that the subject had successfully mastered. If they successfully completed the training, then the subjects were evaluated for up to a maximum delay of 116 s (delay set 28).
The correct ratios of a given session and the response time (latency) of each trial were used for the data analysis. Because of the reliability of the responses, we excluded the response time data when responses were longer than 20 s, which clearly indicated that the subject was inattentive in a given trial.
Results
General DMTP performance
All six subjects successfully learned the DMTP task. For the total number of sessions to achieve the criterion in the first two fixed-delay tasks (fixed 1 and 2), the differences between the subjects with (1M and 1F) and without prior experimental history (the other subjects) were not significant (t = 0.217, p = 0.838).
The maximum delay periods mastered as a function of the number of required sessions are individually depicted in Fig. 1 . Four out of six subjects could master the DMTP task even when the delay was prolonged to 108 s (2M, 3M, 1F, 3F). For these subjects, the maximum delay periods mastered at the end of the study were 108, 116, 112, and 112 s, respectively. 1M and 2F mastered the task until the delays were prolonged to 20 and 64 s, respectively. Fig. 2 shows the time course of the averaged accuracy of all the sessions of the longest delay intervals in 2M, 3M, 1F, and 3F. Note that in some cases they could not promote to the next delay set even when they showed more than 75% accuracy in the longest delay intervals, because they had to achieve another criterion to show more than 90% accuracy in total trials. 2M, 3M, and 1F mastered most of the delay sets very quickly with higher accuracy than the criterion. On the other hand, the performance of 3F was quite variable showing back and forth from 75% to higher performance in the session which she mastered a given delay set.
For the remaining two subjects who mastered the shorter delay task than the other four subjects, a decline in their performance was observed in the trials with longer delay intervals in a given delay set. Fig. 3 shows the correct ratio of each delay trial of the delay sets in which 1M and 2F could not master the task within a limit of 60 sessions as a function of 10-trial training blocks. Significant differences were observed in each delay performance during the 60 sessions for 1 M (F(4, 25) = 39.16, p < 0.001) as well as for all paired comparisons (p < 0.001) except for the pairs between 2 and 4 (p = 0.78) and 16 and 24 (p = 0.05). For 2F, significant differences were found in delay performance (F(4, 25) = 204.77, p < 0.001) as well as between all paired comparisons of delay intervals (p < 0.001) except for the delays between 2 and 4 (p = 0.144). Thus, decreased performance accuracy was found in the longer delay intervals of given delay sets for this subject.
With the exception of 2M, who showed an almost linear curve throughout the training sessions, the remaining subjects accumulated training sessions during certain periods to achieve the criterion, especially later in the training period for 2M and 1F and in the first half of training for 3F. 
Response time analysis
In the present study, we used five possible stimulus positions and randomized them in every trial to reduce the chance for the subjects to use the bodily positions or orientations as a cue for their choosing responses. If they had been waiting for the comparison stimuli to be presented by standing in front of the sample stimulus, then they would have quickly responded to the choice stimulus following the presentation of the comparison stimuli. Fig. 4 shows the response times for the choice stimuli only for correct trials as a function of each delay in the given delay sets (delay sets 4, 9, 15, 20, and 26). When the delay was shorter than 40 s (delay set 9), the subjects responded to the choice stimulus similarly with all of the delay intervals; however, when the delay interval was longer (more than 64 s, delay set 15), they showed the longest response times for trials with the longest delay intervals. Thus, they reacted differently as the delay intervals became longer. In fact, all subjects tended to wait for the choice stimuli by staying in front of the response panel and searching for the stimuli by moving their bodies side to side. After some time, when the delay increased in length, they stopped staying in one place and moved elsewhere in the experimental chamber (e.g., to the back of the cage or to the feeder tube to lick the residual liquid). Additionally, if they could provide correct responses on the longest delay trials because they could successfully wait in front of the panel, then they would have responded to the choice stimuli more quickly in correct trials than in incorrect trials. To assess whether this was the case, the response times in the longest delay intervals were divided into correct and incorrect trials, as shown in Fig. 5 . None of the delay intervals were significantly different between cases (64 s: t(5) = 0.52, p = 0.62; 84 s: t(4) = 1.17, p = 0.29; 108 s: t(4) = 0.001, p = 0.99).
The effect of memory disturbance during the delay intervals
One subject (1F) frequently spontaneously moved near the experimenters to be groomed. Using 1F, we tested whether her positional memory remained intact even after she was forced to be away from the front panel during the delay intervals, preventing her from using her body placement as a cue to remember the sample stimulus position, as shown in Fig. 6A . When the trials with the longest delays (100 s and 116 s in delay set 24 and 28, respectively) began, the experimenter called her name to have her move to the back of the cage. 1F tended not to leave the front panel until approximately 16 s, but after that, she moved to the back of the cage to be groomed by the experimenter. The experimenter groomed her for 90 s and then stopped and tried not to gaze at her to keep any extraneous cues from affecting her choice. She went to the front panel and waited for the choice stimuli to be presented. A total of 24 trials with 100 s delays and 48 trials with 116 s delays were tested in this procedure; as shown in Fig. 6B , the performance was unstable. However, in one session, she showed 75% accuracy with a delay interval of 116 s.
Discussion
Using a DMTP task with randomized delay intervals, we observed that four out of six common marmosets maintained the accuracy criterion even with delay intervals longer than 100 s. The results were quite different from those of Miles [5] , who reported poor performance with delay intervals longer than 16 s using the WGTA. The maximum delay intervals with the accuracy criterion described above varied in individual subjects, and no individual variable such as age, sex, parental versus artificial breeding conditions, and body size could explain the performance differences.
Possible factors responsible for the robust delay performance
With the use of similar automatic experimental systems, the subjects in the present study performed better than those in Spinelli et al. [6] , who reported a linear decrease in performance as a function of delays from 1.5 s to 12 s (although performance was significantly above chance in all delay trials). This difference could be because our procedure involved using one distracter stimulus per trial (Spinelli et al. [6] used two distracters) and because randomized delay intervals were used throughout the training sessions. The fact that reducing the number of distracters facilitated the delayed performance suggested that they did not memorize the exact position of the stimuli. Concerning to the second point, Spinelli et al. also examined briefly randomized four-delay sessions and confirmed that performance was slightly better than that in single-delay sessions. In contrast, the response times for choice responses were similar in both studies, showing that longer delay intervals yield longer response times. This observation rejects the possibility that the subjects only used their body orientation to remember the positions of presented samples: if they had used their body position, then they would have responded similarly with all delay intervals. Thus, sustained attention to the task induced by randomized delay intervals would have support their delayed performance.
The criterion of mastering the longest delay interval within a given delay set was set at 75% (i.e., more than 9 correct out of 12 trials). This value is not statistically above chance by 5% level (p = 0.073). However, the fact that they showed higher accuracy than the criterion (10 or more correct responses out of 12 trials) at many of the longest delay intervals (Fig. 2) suggested that the sustained performance in the very long delay trials could not be obtained by chance.
Possible strategies used by marmosets to maintain positional memory
Three possible methods could be used by marmosets to succeed in the delay task: (1) remembering the position of the sample, (2) keeping the same body position or orientation used in the sample responses, and (3) remembering their own actions (i.e., responded to the top left of the monitor) before the delay intervals. For the third possibility (remembering their own actions before the delay intervals), the marmosets were poor at remembering their own actions after the delay intervals, even for 1 s delays [4] . Based on the results of their accurate performance up to approximately 100 s, they could not have relied on the memory of their own actions.
The second possibility, using their body position or orientation to remember the sample position, is controversial. Miles [5] suggested that marmosets could not succeed in the trials if they failed to orient their bodies to the correct response positions in a twoalternative situation, which was different from macaques, who did not require their body orientation to remember the presented sample positions. From our observation during the sessions, some of the subjects frequently waved their bodies in front of the monitor to wait for the comparison stimuli to appear (thus not maintaining their body positions); however, some subjects preferentially stayed in the same positions in which they had responded to the sample stimulus until they made their choice responses, especially in the case of shorter delay intervals up to 16 s. When the longest delay intervals became approximately 100 s, however, four subjects frequently moved their bodies and inattentively walked around during the intervals; they showed the longest response times after the longest delay intervals (84 and 108 s) in delay sets 20 and 26 (Fig. 4) and maintained robust performance even after artificial disturbance (Fig. 6) . Additionally, 2F, who could not succeed in the delay set with a 68 s delay (Fig. 3) , showed a clearly different performance between the longest delay (68 s) and delay intervals shorter than 16 s. Thus, the subjects might have employed different strategies between the short and long delay intervals. This possibility must be clarified by closer behavioral observation during the delay intervals in future studies.
Conclusion
In the present study, common marmosets showed tolerance to long delay intervals up to approximately 100 s when tested with randomized delay sets. This tolerance of delay intervals is related to their foraging behavior in the wild: they rely heavily on tree exudates [9] and must wait for the gum to begin flowing after they gouge a tree. Future studies should be conducted to investigate the degree of delay tolerance in terms of delaying food rewards [11] .
